WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




PCX 

INTERNATIONAL APPUCATION PUBUSHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification ^ 
GOIN 21764, 15/14 



Al 



(11) International Publication Number: WO 99/60383 

(43) International Publication Date: 25 November 1999.(25.11.99) 



(21) International Application Number: PCT/US99/10874 

(22) International Filing Date: 17 May 1999 (17.05.99) 



(30) Priority Data: 
60/085.545 



15 May 1998 (15.05.98) 



US 



(71) Applicant {Jor ail designated States except US): FLUORRX, 

INC. [US/US]; 979 Keystone Way. Camel. IN 46032 (US). 

(72) Inventor; and 

(75) Inventor/Applicant (for US only): SZMACINSKI. Henryk 
[PL/US]; 979 Keystone Way. Camel IN 46032 (US). 

(74) Agent: KENEMORE, Max; FluoiRx. Inc., 979 Keystone Way. 
C:armeU IN 46032 (US). 



(81) Designated States: CA, JP. US. European patent (AT, BE. CH 
CY. DE. DK, ES. FI. FR, GB. GR. IE, IT, LU. MC. NL,' 
PT. SE). 



Published 

With international search report. 



(54) Title: IMPROVED PHASE ANGLE AND MODULATION OF FLUORESCENT ASSAY 
(57) Abstract 

The presence or concentration of analytcs in a sample can be assayed by observing with fluorescent lifetime techniques such as 
phase angle shift and modulation change the combined response to excitation of a fluorescent probe in the presence of flie sample and a 
fluorescent material, the probe having a fluorescence intensity response to the presence or concentration of the analyte, the probe and the 
material having no substantial fluorescence lifetime change in response to the presence or concentration of the analyte and the material 
having a fluorescence lifetime in response to excitation that is different from die fluorescence lifetime of the probe. 



FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT. 



AL Albania ES 

AM Anncnia PI 

AT Austria FR 

AU Australia GA 

AZ Azerbaijan GB 

BA Bosnia and Herzegovina GE 

BB Barbados GH 

BE Belgium GN 

BF Buitina Faso GR 

BG Bulgaria Hi) 

BJ • Benin IE 

BR Brazil IL 

BY Belarus IS 

CA Canada IT 

CF Central African Republic JP 

CG Congo KE 

CH Switzcriand KG 

C! Cftte d*rvoire KP 

CM Canicroon 

^^^^ CN China KR 

' ' • CU Cuba KZ 

CZ Czech Republic LC 

DE Germany LI 

DK Dcnmaric LK 

EE Estonia LR 



Spain 
Hnland 
France 
Gabon 

United Kingdom 
Georgia 
Ghana 
Guinea 
Greece 
Hungary 
Ireland 
Israel 
Iceland 
Italy 
Japan 
Kenya 
Kyigyzstan 
Democratic People's 
Republic of Korea 
Republic of Korea 
Kazakstan 
^Satrn Loda 
Liech t cni te m 
Sri Lanka. 
Liberia 



LS Lesotho SI 

LT Lithuania SK 

LU Luxembourg SN 

LV Latvia SZ 

MC Monaco TD 

MD Republic of Moldova TG 

MG Madagascar TJ 

MK The former Yugoslav TM 

Republic of Macedonia TR 

ML Mali TT- 

MN Mongolia UA 

MR Mauritania UG 

MW Malavri US 

MX Mexico UZ 

NE Niger VN 

NL Netherlands YU 

NO Norway ZW 

?^ New Zealand 

PL Poland 

PT Portugal 

RO Romania 

RU Russian Federatian 

SD Sudan 

SE Sweden 

SG Singapore 



Slovenia 

Slovakia 

Scoega] 

Swaziland 

Chad 

Togo 

T^kistan 

TVokinenistan 

•Hukey 

Trinidad and Tobago 

Ukraine 

Uganda 

United States of America 

Uzbekxsun 

Vict Nam 

Yugoslavia 

Zimbabwe 



wo 99/60383 



PCT/US99/10874 



Title 



IMPROVED PHASE ANGLE AND MODULATION OF FLUORESCENT ASSAY 



10 



15 



20 



25 



1 



wo 99/60383 



PCT/US99/10874 



Description 

5 At present,- there is considerable interest and 

research activity in the field of chemical sensing. 
Rapid and continuous monitoring of many analytes ( pH, 
PCO2, O2/ metal ions, etc.) Is required in many areas of 
science, including analytical chemistry, biochemistry, 

10 environmental sensing, clinical chemistry and industrial 
applications. Fluorescence-based sensing is one of the 
promising techniques because of fluorescence 
sensitivity, providing number of sensitive and specific 
fluorescent probes for a variety of analytes and their 

15 fabrication with fiber, optics • 

At present, most types of commercial fluorescence 
sensing devices are based on the standard intensity- 
based methods, in which the intensity of the 
fluorescence produced by the probe molecule changes in 

20 response to the analyte of interest. These intensity 
changes can be induced by an analyte due to changes in 
extinction coefficient, changes in quantum yield, 
absorption and emission spectral shifts, or simply due 
to the inner filter effects. While intensity 

25 measurements are sdLmple and accurate in the laboratory, 
they are often inadequate in real-world situations. This 
is because the sample may be turbid, the optical 
surfaces may be imprecise and become dirty and optical 
alignment may vary from sample to sample. A significant 

30 disadvantage of intensity based sensing is the problem 
of referencing the intensity measurements. - The 
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fluorescence intensity measurement depends on the 
intensity of exciting light-, the optical density at the 
excitation and emission wavelengths, the light loses in 
the optical path length, detector sensitivity and the 
5 concentration of the f luorophore . These difficulties 
with intensity-based sensing appear to be limiting the 
more widespread use of fluorescence for quantitative 
chemical sensing. 

Recent advances in optoelectronic have now made 

10 possible a new type of fluorescence sensing. Instead of 
fluorescence intensities it is possible to measure 
fluorescence lifetime, particularly by the phase 
modulation method with a simple light sources. The 
advantages of lif etdlme-based sensing and the for a 

15 several mechanisms of analyte-induced changes in 
lifetdLme are reviewed elsevfeere in detail (Szmacinski 
and Lakowicz, Topics in Fluorescence Spectroscopy, Vol 
4, pp. 295-334, Plenum Press, New York 1994). The 
preferred lifetime-based sensing technique is phase- 

20 modulation^ where analyte-induced changes in lifetime of 
the probe are measured by phase angle and modulation at 
single modulation frequency. The phase and modulation 
are related to the analyte concentration. A number of 
lifetime-sensitive probes have been characterized for 

25 several analytes such as pH, Ca^"^, Mg^"*", K", Na". 
Practically all of the known analyte lifetime-sensitive 
probes excluding the probes for O2 sensing display short 
lifetimes, most often in the range of 1- 5 ns , Using 
probes with short lifetimes requires high modulation 

30 frequencies in the range of 50 - 300 MHz in order to 
obtain sufficient changes *in phase and modulation for 
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analyte sensing. However, even though inexpensive light 
sources such as LED' s can be modulated in that range of 
frequencies, the cost of phase modulation device is 
still sufficiently expensive to inhibit broad commercial 
5 use . 

There is observed a significant effort in several 
laboratories to develop functional long lifetime probes 
having a fluorescence lifetime in the range above 100 
ns . There is a large number of fluorophores that display 

10 long lifetime fluorescence, such as metal- ligand 

complexes based on ruthenium, rhenium, osmium, platinum 
or rhodium- Lifetimes as long as 100 |is can be obtained 
using such probes. However, there are not known such 
metal-ligand complex-based probes that are sufficiently 

15 sensitive to analytes for practical use. Only O2 probes 
based on metal-ligand complexes in ^diich the mechanism 
of quenching is exploited are presently used widely. 
The advantage of longer lifetime probes is that sensing 
can be at a relatively lower modulation frequency, for 

20 example, in the range of 10-1000 kHz, A phase and/or 
modulation instrument .based on the use of longer 
lifetime fluorescent materials, such as the metal-ligand 
complex based materials can be designed to use 
inexpensive components due mainly to the lower 

25 frequencies required. 

It is among the objects of the present invention to 
overcome the disadvantages of the present technology. 

It is one object to avoid the need for development 
and- manufacture of relatively exotic long lifetime 

30 fluorescent materials such as those based on metal- 
ligand complexes. 
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Fig. 2a and Fig ^ fluorescence 
o. P.ase .n,.e an. „^u...on^^^ ^^^^^^^^ 

that consist of fraction of Ion, 
5 the short lifetime fluorescence^ ^^^^^^^^ 
p,,. 3a and Fig. 3b show the exp 

„f Phase angle and modulation v*ere th 
responses of phase y ^ , „„ o 5 to 10 ns m 

of short lifetime is changed fro. 0.5 t 

several steps. ^^^^^^^^ fre<luencY 

4a and Fx« ^^^^^ .^^^^ 

T^^fferrir-SOO. and SOOO ns and Short 

^"^T;"r:::T:r;riustrate ..a«p.e 1. 

Figs . / ' T ^ o 

a 9 and 10 illustrate Exajnple 2 . 
8 9 an illustrate Exampie 3. 

Figs. 11/ ' 

Detailed Description ■ distinct 

-ir. 1-0 Figs, la and lb, two 
Referring agaxn to Fxg ^^^^^^^ 

,0 ranges o. modulation JJ^ U.et^e 

s.ort _ure tne li.eti.es s^ort^^^ 

fluorescence. In or ^^ganic fluoropho^ 

4-v,=.i- display most or oj-y» 
than 5 ns that disp y ^^^^ in orderz-e- 

high .^.dulation "^Z;*^ ,,pens/ " 

„™«llv achieved by an ew x 
„ MH.. This rs normally commo:''" 
modulation fluorometers «hxch are 
research labs, .ong li-ti^e fluoresc^. 
modulation frequencies in the ran^,« can p.ovi^, 
design of a phase-modulation /'i«.ia. 
30 modulation frequencies is less ^ 
higher accuracy of »aasurB, . 
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with high frequency. However, there are not presently 
widely available lifetime-sensitive fluorescence sensors 
that display long lifetimes other than those employing 
laetal-ligand complexes and used in oxygen sensing as 

5 described above. 

Figs. 2a and Fig 2b show the expected freqiiency 
responses of phase angle and modulation of fluorescence 
that consist of a fraction of long lifetime and a 
fraction the short lifetime fluorescence. The values 

10 from 0 to 1 represent the fractional intensity of short 
lifetime fluorescence in the measured signal- There are 
observed great changes from 0 to about 90 degrees in 
phase angle and from 1 to 0 in modulation values upon 
changes of fractional contribution of fluorescence from 

15 both fluorophores. In addition the steeples part of the 
modulation value is equal the fractional intensity of 
short lifetime fluorescence. Thus fractional-dependent 
phase angle and/or modulation can be used to measure the 
intensity of a desired fluorophore in the sample using 

20 in most cases only one modulation frequency. The changes 
in fractional intensity can be induced by the analyte; 
(1) by affecting the absorption spectra (extinction 
coefficient and/or spectra shift), (2) by affecting the 
emission spectra (quantum yields and/or spectra shifts) . 

25 There are many possibilities to optdLmize such a sensor 
probe by the choice of excitation wavelength,' eiaission 
band and relative concentration of used f luorophores - 

Referring again to Figs. 3a and 3b, the fractional 
intensity of the short fluorescence lifetime component 

30 in each case is the same for 0.15 in Fig. 3a and 0.5 in 
Fig. 3b. The important observations from these figures 
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are that the phase angle and modulation below certain 
frequency are not sensitive to the value of short 
lifetime fluorescence in the sample. This is similar to 
the gating technique in the pulse method where, by 
5 applying a certain delay after pulse excitation, only 
the signal from long lifetime fluorescence is detected. 
In the phase-modulation technique it is impossible to 
measure only long the lifetime component. Analytical 
methods have been developed for background correction in 

10 phase-modulation fluorometry based on the measurements 
of the background sample or based on known intensity 
decay of backgroixnd and it contribution in the sample 
signal. In the case presented in Fig. 3a and 3b the 
desired intensity of the long lifetime component can be 

15 obtained by measuring the phase and/or modulation . at 
single modulation frequency regardless of intensity 
decay of the background or autofluorescence or scattered 
light until the mean lifetime is short enough compared 
to a long lifetime fluorophore. This feature can be used 

20 also to determine the anisotropy of the long lifetime 
component in turbid media with scattered light or with 
background . fluorescence having a known value of 
anisotropy. This may find immediate application in 
detecting binding of high molecular weight 

25 macromolecules labeled with a metal-ligand complexes or 
in immianoassays . It is also important for- chemical 
sensing that changes in the lifetime due to presence of 
an analyte for short lifetime indicators have no effect 
of fractional intensity and thus on sensing of analyte 

30 concentration. 

Referring again to Figs 4a and 4b, the most 
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^i-^ -, ^ where the value of 

steeples part of modulation reflect the f 

th= value the Ion, li.eti.. component. ^30, it is 
«*o«a„t that the choice icw modulation .„^enc" 

c^epen.. .o.tly on the value o. the Ion, liLL 
-Ponent .ut not on the value o. sho.t li.e Z 
component. -^-Lecime 

Examples 

The present invention is further illustrated with 
reference to the following examples. ..ample 1 
demonstrates the phase and modulation sensitivity „hen 
the fractional intensitv , . 

relativ. ■>'«'>"ty of sample :.s varied by various 

relative concentrations of two dyes in the sample 

Kxample . demonstrates the possibility to determine 
the xntens.ty of flurophore of interest in presence of 
^arrous amoun of baC.round or autofluorescence from the 

^ Example 3 demonstrate how the sensing probe can be 
created v*e„ p„ i„,„„, ^^^^^^^ fractional 
"tensrtres of a probe contained pH intensity sensitive, 
^ndrcator and long lifetime fluorophor, con be measu-/ 
by phase angle and modulation. ^ 



Example 1 

Two fluorophores have been chosen, 
lifetime fluorescence from metal-lig^- 
[Ru(bpy),dcbpy]= with a lifetime ir^ '"^^ 
and the second with short lifr 
fluorophores Texas Red Hydra?/ 
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ns in glycerol. The two dyes were mixed at various 
relative concentrations to induce the various fractional 
intensities in the sample 

Fig. 5a show the absorption spectra of long 

5 lifetime fluorophore [Ru (bpy) 2dcbpy] and short lifetime 
fluorophore Texas Red Hydrazide (TRH) (solid lines and 
their -mixture at concentrations specified in Figure, It 
is shown that any excitation wavelength shorter than 
about 640 nm will excite both fluorophore s . The 

10 resulting fractional intensities from both f luorophores 
will be strongly dependent on the choice of excitation 
wavelength. One can imagine that value of extinction 
coefficient or shift in absorption spectrum will result 
in changes of fractional intensities that can be 

15 monitored with phase and/or modulation measurements. One 
excitation wavelength has been chosen as 48 8 nm (Argon- 
ion laser) , The total concentration of dyes were low to 
avoid the inner filter effects. The changes in 
absorption was induced by using various concentration 

20 combination of both f luorophores . 

Fig. 5b shows the emission spectra of 
[Ru(bpy) 2dcbpy] and TRH at one selected concentration 
combination. The emission spectra overlap well and for 
phase and modulation measurements we used the long pass 

25 filter above 550 nm. 

Fig. 6 show the frequency responses of phase angle 
for long lifetime fluorophore , [Ru (bpy) 2dcbpy] with a 
lifetime of 1060 ns and the short lifetime TRH of . 3.4 ns 
when mixed together at a specified relative 

30 concentrations from 0 to 12.8. The obtained values for 
fractional intensities are in good agreement with those 
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expected t... sta.dy-state measure..„,3 of ful, ■ 
spectra. These experinental data a" ' ™ 
si.u.ated and discussed .„ .a " " 

- -.ed t.;et ^"-^-z- - - - 

concentrations fro. 0 to S .he ^""'^^ 
confirm ty. u "^o These experimental data 

^ confer, that presented and discussed in ri,. j^. 

• Exaitiple 2 

presence of V, ! fluorophore in . 

presence of background fluorescence fro» the solvent 
I^ng lifetime fluorophore was th. =°l^ent. 

eKu<bpy,.dchpy,^ With a " 

PYJ With a lifetime in glycerol of 1060 ns 
The glycerol (from Fluka) h< , . 
fluorescence that <^"Pl-yed a background 

ruthen- "^^'^ '"^ ^-^-io" of 

.1 Zd -r 

IL concentration which posses the difficulties 

c ontrL"?^^" -creased 
1 n d r " "-"3cence from solvent was 

Obtained by the dilutions of the ruthenium sample ■ w^ - 

Fig. 8 show the emission spectra of ruthen--^ 
decreased concentrations and also X""' 
fluorescence from used glyoerol. ,^4-'"' 
intensity « glycerol calculated by ■ " " 
spectra are following: 0.108, 0.379,,.- 
ruthenium concentration of 740, is- " 
fig- 5 show frequency res ' 
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the samples with increased contributions . of background 
fluorescence. The obtained values are in good agreement 
with those from steady-state measurements. The small 
difference are because of different excitation sources 
5 (xenon lamp and monochromator in steady-state, and Ar- 
ion laser in phase-modulation measurements) , It should 
be noted that phase angle is related only to fractional 
intensity at modulation frequencies lower than 1 MHz. 
The glycerol displayed a complex intensity decay with a 
10 mean lifetime shorter than 3,5 ns . These experimental 
data confirm that presented in Fig 3a where the short 
lifetime component do not contribute to changes in phase 
angle for certain low modulation frequencies. 

Fig 10 show frequency responses of modulation of 
^ 15 the samples with increased contributions of background 

J fluorescence. The steeples part of modulation indicate 

good separation between the fluorescence of ruthenium 
and that of glycerol, and can be easy used to determine 
the absolute intensity of the ruthenium. These results 
20 confirm that discussed in Fig. 3b. 

Example 3 

The goal of this example is to demonstrate the 
great opportunity of designing the fluorescence probe 
for measuring a large variety of chemical species where 
the change in fluorescence intensity can be 'obtained. 
For -example we have chosen a pH intensity sensitive 
indicator - Naphtofluorescein and the second dye with a 
long lifetime [Ru (phn) 3] . The Naphtof luorescein as most 
of fluorescein dyes display pH sensitive absorption 
spectrxim and decreased fluorescence quantum yield at 

13 
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30 
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lower values of pH. To demonstrate the practical use of 
such sensor we used inexpensive blue LED as a excitation 
source < 

Fig. 11 shows the emission spectra of a mixture of 
5 ruthenium and Naphtof luorescein at various values of pH. 
The increased pH values affect the fractional 

intensities from both of dyes which is displayed as 
decreased fluorescence from the ruthenium and increased 
contribution from the Naphtof luorescein. The fractional 

10 intensities in the sample can be selected by the cutt 
off filter or by band pass filter. We have chosen use 
long pass filter above the 595 nm. The excitation source 
was a blue LED with a maximum intensity at 475 nm. 

Fig, 12 shows the frequency responses of phase 

15 angle of such pH sensor. There are observed remarkably 
large changes in phase angle at modulation induced by 
the pH of a sample. The pH phase-based sensing can be 
performed at low modulation frequencies in spite of very 
short lifetime of Naphtof luorescein of about 0,4 5 ns 

20 frequencies below 10 MHz, 

Fig, 13 shows large changes in modulation induced 
by pH of the sample. There is a wide ramge of modulation 
frequencies where modulation value is related only to 
the pH value even not to modulation frequency. This is 

25 because, the difference in lifetimes of ruthenium and 
Naphtof luorescein is very large about 1000-fo'ld. It is 
again important to note that long lifetime value 
determines the useful low modulation frequency for 
sensing. 

30 Fig, 14 shows pH-dependent phase angle for several 

modulation frequencies . It should be noted the magnitude 
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of phase angle changes up to 69 deg (see values in the 
brackets) . This is remarkably pH sensor, which allows 
measurements the pH changes as small as of 0.0035 of pK 
unit assxaming that phase angle can be measured with an 
5 accuracy of 0.1 deg (from curve at 2200 kHz in the range 
from pH 6 to 8) , Also choosing the modulation frequency 
allow to shift the apparent pKa, in presented case from 
6,41 to 7.24. 

Fig, 15 shows pH-dependent modulations for several 
3d modulation frequencies. The pH induced changes in 
modulation ( values in the brackets) are large and 
. significantly depends on the choice of modulation 
frequency. The apparent pKa is slightly dependent on 
modulation frequency. 
15 The above description is intended to be 

illustrative of the present invention, which is intended 
to be limited only by the claims that follow. 

20 
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Claims 

10 What is claimed is: 



1. A method for performing an assay for the presence 
or concentration of an analyte in a sample, the 
15 method comprising: 

a. contacting the sample with a fluorescent probe 
that, when in the presence of the analyte and 
illxominated with activating radiation, emits 

20 fluorescent radiation at an intensity that is 

related to the presence or concentration of 
the analyte, the fluorescent radiation having 
a first lifetime that is substantially 
unchanged by the presence or concentration of 

25 the analyte in the sample; 



b. illuminating with modulated activating 
radiation of one or more frequencies or 
30 amplitudes, or both, the fluorescent probe and 

a fluorescent material that emits, in response' 

16 
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to said activating radiation, fluorescent 
radiation having a- second fluorescent lifetime 
that is substantially unchanged by the 
presence or concentration of the analyte and 
that has an intensity that is substantially 
unchanged by the presence or concentration of 
the analyte and wherein the second fluorescent 
lifetime is longer or shorter than the first 
fluorescent lifetime; 

c, sensing chajige in phase angle or modulation, 
■ or both, of the mixed emissions from the 

fluorescent probe and fluorescent material* 
upon such contacting; and 

d, detentiining from such change the presence or 
concentration of the analyte, 

2, The method of Claim 1 v±ierein the sample is 
contacted by the fluorescent material. . 

3, The method of Claim 1 wherein the sample is 
contacted with a matrix material that supports the 
fluorescent probe and, optionally, the fluorescent 
material. 



4, The method of Claim 1 wherein the sample is mixed 

17 
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with the fluorescent probe and, optionally, with 
the fluorescent material. 

An assay device for use in determining the presence 
or concentration of an analyte in a sample, the 
device comprising 

a. a fluorescent probe that, when in the presence of 
the analyte and iiliominated with activating 
radiation, emits fluorescent radiation at an 
intensity that is related to the presence or 
concentration of the analyte, the fluorescent 
radiation having a first lifetime that is 
substantially .unchanged by the presence or 
concentration of the analyte in the sample; 



b. a fluorescent material that emits, in response to 
said activating radiation, fluorescent radiation 
having a second fluorescent lifetime that is 
substantially lonchanged by the presence or 
concentration of the analyte and that has an 
intensity that is siabstantially unchanged by the 
presence or concentration of the analyte and 
wherein the second fluorescent lifetime is longer 
or shorter than the first fluorescent lifetime; 
and 

c. a support member adapted for supporting the probe 
and, optionally, the material in contact with the 
sample during illiomination of the probe and the 

IS 
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material by the activating radiation. 

5. The device of Claim 5 wherein the support member 
5 comprises a polymeric matrix. 



7, An assay composition for use in assaying for the 
presence or concentration of an analyte in a 
10 sample, the composition comprising: 



a. a fluorescent probe that, when in the presence 
of the analyte and illuminated with activating 
15 radiation, emits fluorescent radiation at an 

intensity that is related to the presence or 
concentration of the analyte, the fluorescent 
radiation having a first lifetime that is 
substantially unchanged by the presence or 
concentration of the analyte in the sample; and 



20 



b. a fluorescent material that emits, in response 
to said activating radiation, fluorescent 
23 radiation having a second fluorescent lifetime 

that is substantially unchanged by the presence 
or concentration of the analyte and that has an- 
intensity that is substantially unchanged by the 
presence or concentration of the analyte and 
wherein the second fluorescent lifetime is 
longer or shorter than the first fluorescent 

19 
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lifetime . 



8. A kit for use in performing an assay for the 

presence or concentration of an analyte, the kit 
comprising: 



a. a container containing a fluorescent probe 

that, when in the presence of the analyte and 
illuminated with activating radiation, emits 
fluorescent radiation at an intensity that is 
related to the presence or concentration of 
the analyte, the fluorescent radiation having 
a first lifetime that is substantially 
unchanged by the presence or concentration of 
the analyte in the sample; and 



b. a container containing a fluorescent material 
that emits, in response to said activating 
radiation, fluorescent radiation having a 
second fluorescent lifetime that is 
sxibstantially unchanged by the presence or 
concentration of the analyte and that has an 
intensity that is sxabstantially unchanged by 
the presence or concentration of the analyte 
and wherein the second fluorescent lifetime is 
longer or shorter than the first fluorescent 
lifetime . 
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